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Neutrino freeze-out
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Neutrino freeze-out

T > me e+e−↔ νν̄ , eν ↔ eν

σν ∼G2
F E2

neutrino interaction rate

τν =
1

〈σνnv〉
∼ 1

G2
F T 5

τν(T )∼ H−1(T ) =
M∗Pl

T 2

Tν ,f ∼

(
1

G2
F M∗Pl

)1/3

∼ 2÷3 MeV
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Neutron decoupling temperature
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Neutron decoupling p +e←→ n +νe

typical energy scales

T & ∆m = 1.3 MeV, T & me = 0.5 MeV

neutron interaction rate

τn↔p =
1

Γn↔p
=

1
CnG2

F T 5

neutron decoupling Γn↔p(T )∼ H(T ) = T 2/M∗Pl

Tn =
1(

CnM∗PlG
2
F

)1/3
≈ 1.4 MeV

g∗ = 2+ 7
8 ·4+ 7

8 ·2 ·Nν t = 1
2H(Tn)

=
M∗Pl
2T 2

n
= 1.2 s Tn ≈ 0.8 MeV
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Neutron decoupling temperature
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Neutron density after decoupling

nn = gn

(
mnT
2π

)3/2

e
µn−mn

T µn + µν = µp + µe

nn

np
= e−

mn−mp
T e

µn−µp
T

for relativistic e+ and e−

ne−−ne+ ∼ µeT 2 −→ µe

T
∼ ne−−ne+

T 3 =
np

T 3 ∼ ηB ∼ 10−9

nn

np
= e−

mn−mp
Tn ≡ e−

∆m
Tn ≈ 1

5
e−

µν

T
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Thermodynamical approach
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p +n −→ D+ γ Saha equation

nn = 2
(

mpT
2π

)3/2

e
µn−mn

T , np = 2
(

mpT
2π

)3/2

e
µp−mp

T ,

Chemical equilibrium µA = µp ·Z + µn · (A−Z )

nA = nZ
p nA−Z

n 2−AgAA3/2
(

2π

mpT

) 3
2 (A−1)

e
∆A
T

XA =
AnA

nB

nB = ηB ·nγ = 0.24ηBT 3

XA = X Z
p X A−Z

n 2−AgAA5/2
η

A−1
B

(
2.5T
mp

) 3
2 (A−1)

e
∆A
T
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Thermodynamical approach
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Temperature of BBN TNS: XD ∼ 1

XA = X Z
p X A−Z

n 2−AgAA5/2
η

A−1
B

(
2.5T
mp

) 3
2 (A−1)

e
∆A
T

∆D = 2.23 MeV

XD(TNS)∼ ηB

(
2.5TNS

mp

)3/2

e
∆D
TNS ∼ 1−→ TNS ≈ 65 keV

tNS =
1

2H(TNS)
=

M∗Pl

2T 2
NS

= 265 s≈ 4.5 minutes.
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Thermodynamical approach
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Helium density (chemical equilibrium)

XA = X Z
p X A−Z

n 2−AgAA5/2
η

A−1
B

(
2.5T
mp

) 3
2 (A−1)

e
∆A
T

X4He @ T = TNS ? ∆4He = 28.3 MeV

X4He = X 2
p X 2

n ·8η
3
B

(
2.5T
mp

)9/2

e
∆4He

T −→ 10128

Let X4He∼ 1 (2p,2n), nn < np Xp ∼ 1

Xn = X 1/2
4He

η
−3/2
B

(
2.5T
mp

)−9/4

e−
∆4He

2T
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Thermodynamical approach
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Light element densities (chemical equilibrium)

XA =

[
ηB ·
(

2.5T
mp

)3/2 ] 3
2 Z− 1

2 A−1

e
∆A−∆4He

(A−Z )/2

T ' 107.4(A+2−3Z ) e(A−Z )
∆A/(A−Z )−∆4He

/2

T

Z Nucleus ∆A ∆A/A ∆A/(A−Z ) XA

1 2H ≡ D 2.23 1.11 2.23 10−79

3H ≡ T 8.48 2.83 4.24 10−118

2 3He 7.72 2.57 7.72 10−51

4He ≡ α 28.30 7.75 14.15 1

3 6Li 31.99 5.33 10.66 10−78

7Li 39.24 5.61 9.81 10−116

4 7Be 37.60 5.37 12.53 10−55

5 8B 37.73 4.71 12.58 10−69

6 12C 92.2 7.68 15.37 1019
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Thermodynamical approach
ИI
ЯN
ИR

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

n4He(TNS) =
1
2

nn(TNS) ,

neutron-to-proton ratio τn ≈ 886 s

nn(TNS)

np(TNS)
≈ 1

5
·e−

tNS
τn ≈ 1

7
,

Yp ≡ X4He =
m4He ·n4He(TNS)

mp (np(TNS)+nn(TNS))
=

2
np(TNS)
nn(TNS) +1

≈ 25% .

from observations of relic helium abundance:

∆Nν ,eff ≤ 1
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Thermodynamical approach
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3He/H p
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Kinetic approach
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Main nuclear reactions

1 p(n,γ)D — deuterium production, BBN starts.
2 D(p,γ)3He, D(D,n)3He, D(D,p)T, 3He(n,p)T — intermediate stage.
3 T(D,n)4He, 3He(D,p)4He — production of 4He.
4 T(α,γ)7Li, 3He(α,γ)7Be, 7Be(n,p)7Li — production of the heaviest

baryonic relics.
5 7Li(p,α)4He — 7Li burning.

One has to compare reaction rates to the expansion rate

H(TNS = 70 keV) = 4 ·10−3 s−1

to obtain nonequilibrium concentrations
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Kinetic approach Deuterium production
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Neutron burning p +n −→ D+ γ

@ T = TNS = 65 keV

(σv)p(n,γ)D ≈ 6 ·10−20 cm3

s
.

for the rate (neutron disappearence when meets proton)

Γp(n,γ)D = np · (σv)p(n,γ)D = ηB ·2
ζ (3)

π2 T 3 · (σv)p(n,γ)D = 0.31 s−1

for ηB = 6.15 ·10−10 and T = TNS

So, neutrons disappear very rapidly

Γp(n,γ)D� H(TNS) = 4 ·10−3 s−1
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Kinetic approach Deuterium burning
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Deuterium burning D(D,n)3He, D(D,p)T

Coloumb barier: tunneling T9 ≡ T/(109 K) = T/(86 keV)

〈σv〉DD = 3 ·10−15 cm3

s
·T−2/3

9 ·e−4.26·T−1/3
9 .

deuterium stops burning when T = TNS(T9 = 0.75)

ΓDD = nD(T ) · 〈σv〉DD(T )∼ H(T ) .

Then relic deuterium abundance is estimated as

nD

np
=

1
0.75ηB

· nD

nγ(TNS)
= 0.3 ·10−4

for ηB = 6.15 ·10−10
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Kinetic approach Deuterium burning
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3He/H p

4He
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Kinetic approach Other elements
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Production of 3He & 3H

〈σv〉3He(D,p)4He = 10−15 cm3

s
·T−1/2

9 e−1.8T−1
9

@ T = tNS this rate exceeds the deuterium-burning rate

3He stops burning when @ some T = T3He < TNS

〈σv〉3He(D,p)4He ·nD ∼ H , T = T3He' 0.6TNS

3He is produced via D+D→ 3He+n and for the Hubble time

n3He∼ 〈σv〉D(D,n)3He ·n2
D ·

1
H

, T = T3He .

n3He

nD
'
〈σv〉D(D,n)3He

〈σv〉3He(D,p)4He
−→ n3He

np
' 0.9 ·10−5

quite similar nT
np
' 2 ·10−7
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Kinetic approach Other elements
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3He/H p

4He
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Kinetic approach Other elements
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Lithium in T(α,γ)7Li & 7Li(p,α)4He

〈σv〉T (α,γ)7Li ∼ 10−18 cm3

s
·T−2/3

9 e−8.0T−1/3
9 .

tritium burning rate is smaller than H

〈σv〉T (α,γ)7Li ·nα ' 1.5 ·10−4 s−1 , T9 = 0.75

〈σv〉7Li(p,α)4He∼ 10−15 cm3

s
·T−2/3

9 e−8.5T−1/3
9 .

lithium burning rate exceeds H

〈σv〉7Li(p,α)4He ·np ' 0.7 s−1 , T9 = 0.75 , ηB = 6.15 ·10−10

n7Li

nT
'
〈σv〉T (α,γ)7Li

〈σv〉7Li(p,α)4He
· nα

np
∼ 2 ·10−5
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Observed abundances
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7Be(e−,νe)7Li
7Be(n,p)7Li
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